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summARY In systemic hypertension left ventricular wall stress (afterload) is reduced and function
enhanced, compared with normal, in the presence of concentric hypertrophy; the opposite occurs
when hypertrophy is combined with dilatation. In this study we tested the hypothesis that cardiac
rhythm may be related, in part, to the interacting variables: left ventricular structure, afterload, and
function.

Eighty-five primary hypertensives were divided into three groups: group 1 (24 cases with normal
sized heart), group 2 (33 cases with concentric hypertrophy), and group 3 (28 cases with hypertro-
phy and dilatation). Cardiac rhythm, through 24-hour ambulatory electrocardiographic monitoring,
and end-systolic left ventricular circumferential wall stress were investigated before and after seven
days of treatment with atenolol, verapamil, and nifedipine in groups 1 and 2, and with the two
calcium antagonists in group 3.

Atrial and ventricular extrasystoles were recorded in 75 to 100% of the subjects in the control
group (13 normotensives) and in the hypertensive groups. Average 24 hour atrial ventricular
extrasystoles in group 1, and ventricular extrasystoles in group 2, were similar to normal before
treatment and were not affected by drugs; changes in circumferential wall stress with treatment were
comparable. In group 2 the number of atrial extrasystoles in 24 hours was significantly higher than in
all the other groups. They were not influenced by changes in wall stress, and were interpreted as
related to the atrial "booster pump" action in the presence of concentric hypertrophy. In group 3 a
great number of ventricular extrasystoles was associated with the highest baseline left ventricular
afterload; circumferential wall stress and ventricular extrasystoles were poorly affected by ver-
apamil, while the remarkable circumferential wall stress reduction caused by nifedipine was paral-
leled by an obvious decrease in ventricular extrasystoles.
These data support the possibility that in systemic hypertension a relation exists between cardiac

structure, load, and rhythm, and that ventricular arrhythmias may benefit from effective left ven-
tricular unloading.

Although the pathophysiology of the hypertensive In the natural history of high blood pressure the
heart and the influence of therapy have been investi- condition of the heart is not static, but is subject to a
gted extensively over the years, cardiac rhythm in progression of interrelated anatomical and functional
high blood pressure has remained almost entirely neg- changes.'-3 Schematically, three successive structural
lected. steps may be outlined: normal heart, concentric

hypertrophy, and hypertrophy associated with left
Accepted for publication 12 April 1983 ventricular cavity enlargement. Because of the differ-

118



Cardiac rhythm in hypertension

ent influences that these three conditions exert on
ventricular afterload and function,4-8 it is conceivable
that cardiac rhythm in hypertension may be related to
the structure and, through this, to the functional state
of the heart. The findings of Messerli and col-
laborators9 are in keeping with this interpretation, for
they reported an increased incidence of ventricular
premature contractions in hypertensive patients with
left ventricular hypertrophy, compared with patients
having similar levels of pressure with a structurally
normal heart. On this basis, it also seems reasonable
to suppose that the influence of antihypertensives on
the rhythm of the heart may be in part related to the
effects on ventricular afterload and function.
To verify these hypotheses, cardiac rhythm was

studied through 24 hour ambulatory electrocardio-
graphic monitoring in a hypertensive population
before and after manipulation of afterload with
atenolol, verapamil, and nifedipine. The beta blocker,
atenolol, was chosen as representative of a class of
compounds having a predominant place in the treat-
ment of high blood pressure; the calcium antagonists,
verapamil and nifedipine, were chosen not only in
view of their recent and expanding use in the
therapeutic management of hypertension,'0 but also
because their potent vasodilating action can be
expected to unload the heart.

Subjects and methods

Patients chosen for this study were aged 65 years or
less, and suffered from primary hypertension of vari-
able duration and severity; they were free of myocar-
dial infarction, angina pectoris, valvular or primary
myocardial disease, history, symptoms, and clinical
signs referable to heart failure, stroke, or recurrent
transient cerebral ischemia, any degree of atrioven-
tricular block or bundle-branch block, severe renal or
hepatic insufficiency; and were judged clinically suit-
able for placebo treatment. One hundred and three
patients met these criteria; 18, however, were
excluded because of an inability to record a techni-
cally satisfactory left ventricular echocardiogram (11
cases), or the presence of segmental left ventricular
contraction abnormalities (four cases), or dispropor-
tionate septal thickening (septal to posterior left ven-
tricular free wall thickness ratio of 1.3 or greater)
(three cases). The final study group comprised 85
patients, 62 men and 23 women, ranging in age from
24 to 63 years (mean 38). Twenty-six patients were
untreated and 59 were receiving antihypertensives on
admission. None had been given digitalis or anti-
arrhythmic drugs at any time in the past.
Age matched subjects in the hospital without cir-

culatory disorders or medication that could interfere
with their cardiovascular function were also studied
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as controls (13 subjects). They were identified as
group 0.
The 85 hypertensive patients were classified in

three groups according to the following echocardio-
graphic criteria: group 1, 24 cases in whom septal and
posterior wall thickness and end-diastolic left ven-
tricular minor axis were within 1 SD of the normal
control values (control values were derived from sub-
jects in group 0 and from 18 normal subjects5 who
were investigated in a previous study); group 2, 33
patients with normal or slightly reduced left ventricu-
lar end-diastolic minor axis and both septal and pos-
terior wall thickness exceeding mean plus 1 SD of
control; in group 3 (28 cases) wall thickness was
within the same range as in group 2, but end-diastolic
minor axis exceeded the mean plus 1 SD for this
group. These criteria defined the structural charac-
teristics of the heart: normal sized heart (group 1),
concentric hypertrophy (group 2), and hypertrophy
associated with left ventricular cavity enlargement
(group 3).

STUDY DESIGN
Patients were either untreated or had interrupted any
antihypertensive medication (including diuretic
drugs) two weeks before the baseline 24 hour
monitoring. In those who were taking beta blockers,
withdrawal from treatment took place over three to
four days. During the first week the routine labora-
tory work was performed, and secondary causes of
high blood pressure were ruled out. Then, wall thick-
ness and diastolic dimension of the left ventricle were
evaluated by ultrasound, and patients were classified
accordingly. Cases in groups 1 and 2 were separated
randomly into three subgroups to be treated with
atenolol (100 mg/day), verapamil (120 mg tid), or
nifedipine (10 mg qid). We decided not to test the
beta blocker atenolol in group 3, as we were con-
cerned about possible deterioration in cardiac func-
tion in the presence of left ventricular enlargement.
Group 3 patients, therefore, were randomly assigned
to one of two subgroups, which received verapamil or
nifedipine.

During the second week in hospital a placebo was
administered in capsules or pills identical in shape and
colour to the active compound to be given; when
necessary, oral potassium was supplemented in order
to bring the serum potassium concentration up to
normal and prevent the influence of hypokalaemia on
the activity of the heart. At the end of this run-in
period, while on placebo, all subjects underwent
echocardiographic assessment of left ventricular wall
stress, and two consecutive 24 hour ambulatory elec-
trocardiograms. Then patients received active drugs
-for the subsequent seven days, at the end of which 24
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hour electrocardiographic monitoring and ultrasound
procedures (two hours after a drug dose) were re-
peated. Three patients in group 3 received nifedipine
after verapamil, and the 24 hour electrocardiographic
monitoring and echocardiography were repeated
again after a seven day treatment.

ELECTROCARDIOGRAPHIC AMBULATORY
MONITORING
All 24 hour electrocardiographic recordings were per-

formed using Avionics, Model 1445/B, two channel
recorders. Tape recordings were analysed by the same
personnel using a Del Mar Avionics Trendsetter,
Model DCG VII Dynamic Electrocardioscanner.
With this method, the electrocardiogram was played
into a computer and the following data were

quantified for each patient: the total number of heart
beats, the highest and the lowest heart rate/min, and
the total number of any atrial extrasystoles, of any
ventricular extrasystoles, and of any "complex" ven-
tricular extrasystoles; under the term "complex" we

included bigeminy, couplets, salvoes of unsustained
ventricular tachycardia (defined as three or more ven-

tricular depolarisations occurring in succession at a
rate between 100 and 200 cycles/min).

For each patient all recordings were started at the
same time of the day. In order to maintain a similar
daily life style, all the subjects were admitted to hospi-
tal for the entire duration of the study; they were
ambulatory and encouraged to be active. To ensure
the reproducibility of the baseline cardiac rhythm,
patients underwent two consecutive 24 hour elec-
trocardiographic recordings while receiving placebo.
The upper limit of variability between the two meas-
urements was 2ro for the total number of beats, 4%
for the highest and lowest rate/min, and 10% for the
number of arrhythmias. The averages were taken as
the representative values for each patient.

ULTRASOUND MEASUREMENTS
Echocardiographic studies were carried out with a
Hewlett-Packard ultrasound unit, model 77020 A,
interfaced with a Sony videotape recorder. After posi-
tioning the cursor at the high chordal level, simul-
taneous M-mode and cross-sectional recordings
were obtained from the parasternal position in both
long and short axis views of the left ventricle. All
views were evaluated by two observers (AL and MP)
for evidence of any regional wall motion abnormality
and to make sure that the contractile state was
uniform. Measurements were performed by these two
investigators without knowledge of the patients' clini-
cal data. Left ventricular end-diastolic dimension was
measured at the peak of the R wave of the electrocar-
diogram; end-systolic dimension was measured as the
smallest vertical distance between the septum and
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posterior wall. Septal and posterior wall thicknesses
were measured using the leading edge to leading edge
method. End-diastolic measurements of wall thick-
ness were made at the onset of the QRS complex in
the electrocardiogram. End-systolic septal thickness
was measured at the point of maximal posterior septal
motion, and end-systolic posterior wall thickness at
the point of maximal anterior motion. Data were
analysed as the mean of three to five consecutive
cycles. Whenever discordance exceeded 1 mm be-
tween M-mode and cross-sectional measurements, the
cross sectional data were used as quality control
checks on the accuracy of the M-mode calculations.
The loss of endocardial reflectance may contribute to
underestimating wall thickness, without the addi-
tional use of cross-sectional imaging.I 12 From
echocardiographic measurements end-systolic left
ventricular circumferential wall stress was calculated,
according to the formula of Grossman and cowor-
kers'3 modified by Reichek et al.,"4 as follows:

0*334 x Ps / LVIDs

CWScT= +
1

PWTs

where es CWS is end-systolic circumferential wall
stress, LVIDs and PWTs are left ventricular minor
dimension (cm) and posterior wall thickness (cm) at
end-systole; Ps is systolic cuff arterial pressure. Pres-
sure was measured by an independent observer three
times consecutively (with five minute intervals be-
tween each measurement) with the patient at rest,
after 15 minutes' recumbency. Readings were aver-
aged to obtain a more accurate measurement. Values
of wall stress were taken as reflecting left ventricular
afterload at the end of the systole.

STATISTICAL METHODS
The differences between normal and hypertensive sub-
jects, between the three hypertensive groups, and
between the untreated and treated condition were
evaluated through the analysis of variance. Statistical
evaluations were performed through a Kontron com-
puter, model Cardio 80.

Results

Age was similar in the hypertensive groups 2 and 3
and not significantly different from controls; patients
in group 1 were slightly, but significantly, younger.
Supine mean arterial pressure taken at the end of the
run-in period was comparable in groups 2 and 3, and
in both of these significantly higher than in group 1.
These data are summarised in Table 1.

Bars in Fig. 1 indicate the averages of the total
number of heart beats and the highest and the lowest
heart rate per minute recorded during the baseline 24



Table 1 Age, mean arterial pressure, and echocardiographic measurements (averages and SD)

Group O Group I Group 2 Group 3

Age (y) 42 (6) 34* (3) 43 (5) 45 (7)Mean arterial pressure (mmHg) 102 (4) 124* (9) 133*t (16) 131*t (12)
Left ventricular end-diastolic minor axis (mm) 47-5 (1-5) 46-2 (2-2) 43-6* (1-7) 54.9*t (4.8)
Left ventricular posterior wall thickness (mm) 9.1 (0.9) 9 6 (0.8) 13-7* (1-2) 13* (1-5)
Left ventricular septal wall thickness (mm) 9.2 (07) 9.7 (0.6) 13.9* (1-1) 13.3* (1.2)
*Significant differences from control subjects (p<001).
tSignificant differences from hypertensive group 2 (p<0.01).

Table 2 Types, prevalence (%), andfrequency ofcardiac arrhythmias during 24 hours in untreatedpatients in normotensive and
hypertensive groups

Arrhyhias Atial Venticular Bigminy Couplets Sahvoes of
in 24 hours premance contractons prematue contracions ventricular tachycardia

Groups
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

251-300 3 8
201-250 2 6
151-200 5 2 3
101-150 9 12 7
51-100 7 9 3
11-50 6 12 6 4 3 4 6 1 3 1
1-10 7 12 1 1 6 14 20 0 1 3 5 5 5 6
0 4 6 8 12 21 28 20 13 24 33 22 13 24 33 22

Prevalence 100 100 100 100 75 75 75 100 8 13 17 28 0 0 0 22 0 0 0 22

1Highest rate 60 Lowest rate
150
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Fig. 1 Averages (SD) ofthe total number ofheart beats and of
the highest and lowest ratelmin recorded during 24 hours in the
control (group 0) and in the three hypertensive groups (groups 1,
2, and 3). *Sign#icant differences from group 0 (p<O .01).

0 1 2 3
Fig. 2 Averages (SD) ofatrial and ventricular extrasystoles
recorded during baseline 24 hours in normal and hypertensive
groups. *Significant differences from group 0 (p<0-01).

hours in the control and in the three hypertensive
groups. The number of beats per 24 hours was
significantly much higher than normal in groups 1 and
3, and this difference was associated with higher aver-
ages of the maximal and minimal heart rates per
minute recorded in the 24 hours. In group 2 these
values were similar to normal.
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Fig. 3 Averages (SD) of the total number of heart beats (upper part), of the highest (middle part), and of the
lowest (lower part) cardiac rate min recorded during 24 hours in the hypertensive groups in the baseline (left bar of
each pair) and after seven days of treatment (right bar ofeach pair) with, respectively, atenolol, verapamil, and
nifedipine. *Significant differences from the pretreatment condition (p<O-O1).

Types, prevalence, and frequency of cardiac
arrhythmias recorded in the control subjects and in
the three hypertensive groups at the end of the run-in
are summarised in Table 2. It is shown that atrial and
ventricular extrasystoles were recorded in the major-
ity of both normotensive and hypertensive subjects
(prevalence ranging from 75 to 1000/o of cases); the
frequency of atrial extrasystoles, however, was

definitely higher in group 2 and that of ventricular

extrasystoles higher in group 3, as compared with the
other groups.

Prevalence and frequency of bigeminy were low
and were similar in all the groups. Couplets and short
runs (less than eight successive ventricular beats in
any case) of ventricular tachycardia were recorded
only in group 3, in 22% of the patients. The frequency
of the salvoes of ventricular tachycardia did not
exceed 10 in the 24 hours.
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Atenolol
Group 1

100 75
es CWS

I Group 2

is 50
es CWS

Group

50

25 75

Verapamil

1 7 5

100 75 50
es CWS

+*
50
esCWS

100 75 50 100 75
es/CWS es/CWS

25

N ifedipmne

100 75 50
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50 25
esCWS

Atrial

* Ventriculdr

50 103 dyne /cm2

Fig. 4 Averages (SD) ofatrial (open circks) and ventrilar (solid circks) extrasystoks per 24 hours in the
baseline and after atenolol, verapamil, and nifedipine, and corresponding values ofkft venticular end-systolic
circumnferential wall stress (es CWS). *Significant differences from baseline (p<001).

Fig. 2 shows the averages of atrial and ventricular
extrasystoles in 24 hours recorded in the baseline in
normal and hypertensive groups. In the control and
group 1 patients averages of either type of arrhythmia
were comparable. In group 2 the number of ventricu-
lar extrasystoles was also similar to normal, while that
of atrial extrasystoles was largely and significantly
higher than in the control and hypertensive group 1
subjects. A number of ventricular extrasystoles

strongly differentiated group 3 from the other groups;
the number of atrial extrasystoles was also larger than
normal in this group.
As shown in Fig. 3, atenolol in groups 1 and 2 and

verapamil in groups 1, 2, and 3 invariably-reduced the
number of beats over the 24 hours. The effects of
nifedipine, however, were not uniform, beat rate in 24
hours being augmented in groups 1 and 2, and
reduced in group 3. Both maximal and minimal beat
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Table 3 End-systolic kft venticular circumferential wall stress
(es CWS) and venticular extrasystoles in group 3 patients treated
with both verapamil and nifedipine

Paties esCWS Ventricular
(103.dynlcm2) exstks

(24 h)

(Placebo 121 130
1 vjVerapamil 148 250

tNifedipine 664 25

Placebo 131 51
2 Verapamil 144 130

Nifedipine 111 16

(Placebo 83-6 22
3 Verapamil 97 43

Nifedipine 58.7 6

rate after treatment varied in parallel with the changes
in the number of beats every 24 hours.

Fig. 4 illustrates the averages of atrial and ventricu-
lar extrasystoles recorded during the 24 hour continu-
ous monitoring in the pre- and post-treatment
periods, and the corresponding values of end-systolic
circumferential wall stress. Reduction in wall stress
was significant in groups 1 and 2 after any of the three
compounds. In group 3 the decrease in wall stress was
slight and not statistically significant in patients
receiving verapamil, and this poor effect contrasted
with the great unloading efficacy of nifedipine in
patients in the same group. Atrial and ventricular
extrasystoles were invariably reduced, respectively, in
group 2 subjects treated with verapamil, and in group
3 patients receiving nifedipine. Changes from control
were statistically significant.

Data in Table 3 provide further evidence of the
different unloading efficacy of the two calcium
antagonists on the dilated hypertensive left ventricle.
In three patients in group 3 who received placebo,
verapamil, and nifedipine in sequence, wall stress was
unchanged or augmented with verapamil and greatly
reduced with nifedipine. Ventricular extrasystoles
varied in parallel with wall stress.

Discussion

The validity of the non-invasive methods used to
determine left ventricular end-systolic wall stress has
been proved. 14-16 Segmental variations in myocardial
performance, which are important limitations to these
methods,'7 '8 were carefully avoided in this study. It
is considered that the calculated index reliably
reflected the stress of the ventricular wall at the end of
the systolic period. End-systolic stress reflects the
maximal level of the instantaneous myocardial force
for the existing instantaneous myocardial length or
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volume during the ejection phase.'7 Thus, end-
systolic stress is literally the afterload that limits ejec-
tion, and may have a special conceptual value as an
afterload marker.

Several studies have validly established that a close
relation exists between cardiac load and function in
high blood pressure,45 and that left ventricular after-
load is an important determinant of the performance
of the left'9 and also of the right side6 of the human
hypertensive heart. In the present study systolic car-
diac function was maintained in group 1, possibly
enhanced in group 2,45 and depressed in group 3.19
Findings on the rhythm of the heart will be discussed
within the framework of cardiac afterload and func-
tion, with the possible additional intervention of
neural or humoral factors.

It is likely that admittance to hospital may have
reduced individual differences in cardiac rhythm
related to life style. That group differences in the 24
hour number of beats reflected a distinct feature is
supported by the observation that the highest and the
lowest rates per minute varied from group to group in
parallel with the total beats. The raised heart rate in
24 hours in group 1 might be related to younger age or
to hyperdynamic activity of the heart, such as that
characterising the early phase of essential hyperten-
sion.20 In group 3, tachycardia might simply reflect a
mechanism of compensation for the raised circulatory
load and the impaired performance of the heart. In
contrast, a normal or enhanced cardiac performance
in group 2 may be the reason why the chronotropic
activity of the heart was maintained within normal
lmiits.

Atenolol in groups 1 and 2 brought the heart rate in
24 hours down to almost equal levels. The fact that
reduction was 170/o in the former and 11% in the latter
suggests that the increased heart rate in the untreated
group 1 was in some way related to beta adrenergic
receptor overstimulation. Verapamil also showed a
negative chronotropic action, which contrasts with
what one could expect as a consequence of the vaso-
dilating action. A negative effect on cardiac
pacemaker activity,2' 22 or an influence of verapamil
on the calcium dependent transmitter release from the
post-ganglionic sympathetic endings23 may be offered
as explanations for this discrepancy. Among the sub-
jects who received nifedipine, the heart rate per 24
hours was augmented in groups 1 and 2 and reduced
in group 3. The earlier part of the hypotensive
response to a single oral dose of nifedipine is generally
associated with an increase in heart rate24 that lasts for
about an hour; in those patients taking four doses of
nifedipine a day this may result in a significant
increase of the number of beats recorded in the 24
hours. If the increased heart rate in the baseline in
group 3 really reflected a mechanism of compensation
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for the raised afterload and the impaired performance,
reduction in heart rate after nifedipine might be
interpreted as a consequence of the decreased load
and the improved cardiac performance in these
patients.

In group 1 the beta receptor blocker and the two
calcium antagonists showed a similar ventricular
unloading efficacy and did not influence arrhythmias
significantly. In group 2 the number of vertricular
extrasystoles in the 24 hours duplicated those in group
1 and control subjects, while the average number of
atrial premature depolarisations was impressively
increased. If the normal total number of beats and
maximal and minimal heart rates are interpreted as
reflecting normal adrenergic activity in this group,
then neural factors could be ruled out as responsible
for atrial extrasystoles. In keeping with this interpre-
tation is that atenolol did not abolish arrhythmias.
Tarazi et al.25 described electrocardiographic left
atrial abnormalities in hypertension, which were later
supported by clinicophysiological correlation studies
of heart disease in high blood pressure.3 On the other
hand, the increased filling pressure of both ventricles
found by Olivari et al.,6 and the decrease of the left
atrial emptying index reported in such cases by Dres-
linski and collaborators8 suggest that ventricular dias-
tolic compliance is abnormal in hypertensive concen-
tric left ventricular hypertrophy. It might be specu-
lated that the exaggerated "booster bump" action
assumed by the atria to keep ventricular filling normal
is somehow related to the atrial premature depolarisa-
tions detected in group 2. While atenolol, verapamil,
and nifedipine unloaded the left ventricle to a similar
extent, atrial extrasystoles were reduced significantly
only in the verapamil treated patients. This makes a
relation between left ventricular afterload and atrial
premature depolarisations unlikely, and suggests an
influence of the drug on the ventricular diastolic
properties or on the cardiac pacemaker activity.

In group 3 cardiac rhythm was disturbed pre-
dominantly by ventricular premature depolarisations
and, in 28% of the cases, by "complex" ventricular
extrasystoles. In the baseline this pattern was associ-
ated with the highest level of end-systolic left ven-
tricular afterload. Differences in the responses to the
two calcium antagonists in this group were twofold
and involved both the ventricular unloading and the
antiarrhythmic effect. Reduction in end-systolic wall
stress after verapamil was not statistically significant;
m contrast, the efficacy of nifedipine on ventricular
wall stress was prominent. The number of ventricular
extrasystoles in 24 hours was much reduced (from 223
to 13) in the patients treated with nifedipine and
somewhat enhanced (from 177 to 206) in those who
received verapamil. Couplets and salvoes of ventricu-
lar tachycardia were still seen in three cases of the
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latter and in one case of the former population. A
short lasting period of second degree atrioventricular
block was recorded during the night in two of the
patients in this group who were receiving verapamil.
The divergent response of ventricular extrasystoles to
the two calcium antagonists is not really explained in
terms of antiarrhythmic properties, since nifedipine
seems to be devoid of such properties.26 On the basis
of the relation that seems to exist between the effec-
tiveness on ventricular afterload and that on arrhyth-
mias, it is tempting to interpret the excessive contrac-
tile effort of the left ventricle as one of the elicitors of
ventricular extrasystoles, and to ascribe to a potent
unloading effect the antiarrhythmic response to
nifedipine. The less pronounced efficacy on afterload
of verapamil compared with nifedipine can possibly
be referred to a lower vasodilating and impedance
reducing potency, and to the intrinsic depressant
effect of the compound on the myocardium. This
effect is entirely offset when the baseline function of
the heart is well preserved, but becomes apparent
when the function is impaired.27

Clinical implications of these data may be that: (a)
echocardiography can provide useful information
regarding choice of antihypertensive drug treatment
in relation to the function, as well as to the rhythm of
the heart; (b) the cardiac rhythm in hypertension may
present a clinical problem only in the presence of left
ventricular enlargement; (c) a favourable influence on
ventricular arrhythmias is an additional reason for
considering effective left ventricular unloading com-
pounds as best suited for treating hypertension in the
presence of cardiac dilatation. These results also sug-
gest that the three drugs investigated might be indi-
cated in specific groups of patients and reinforce the
concept that treatment of hypertension should be
based on individual considerations; an accurate evalu-
ation of the heart can provide guidelines for more
appropriate treatment.
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